Abstract. Matrine has potent antitumor activity against a broad variety of cancer cells and our previous study showed that both autophagy and apoptosis were activated during matrine-induced gastric cancer cell death. The aim of the present study was to determine the significance of autophagy in antineoplastic effects of matrine and the molecular mechanism by which matrine induces autophagy in gastric cancer cells. Western blot analysis showed that exposure of gastric cancer cells to matrine resulted in the extent of autophagy increasing in a dose-and time-dependent manner by detecting micro tubule-associated protein 1 light chain 3 (LC3). This induction was due to activation of autophagic flux, as supported using the lysosome inhibitor, bafilomycin A1, which produced an accumulation of LC3-II. Propidium iodide staining demonstrated that matrine induced cell death in a dose-dependent manner and the autophagy inhibitor 3-methyladenine (3-MA) or bafilomycin A1 enhanced lethality of matrine against gastric cancer cells. Moreover, after pretreatment with 3-MA, some of the gastric cancer cells treated with matrine exhibited prototypical charac teristics of apoptosis by transmission electron microscopy. The ability of 3-MA to increase matrineinduced apoptosis was further confirmed by Annexin V-FITC/ PI staining. Also, the combination of matrine and 3-MA was more potent than matrine alone in inhibiting the proliferation of SGC-7901 cells assessed by sulphorhodamine B assay. Furthermore, administration of the pan-caspase inhibitor zVAD-fmk or autophagy inducer rapamycin decreased the matrine-induced cell death. In addition, matrine treatment did not inhibit the phosphorylation of Akt and its downstream effectors mammalian target of rapamycin (mTOR) as well as p70 ribosomal protein S6 kinase (p70S6K), although the levels of the total Akt and mTOR were decreased. These results suggest that autophagy was activated as a protective mechanism against matrine-induced apoptosis and inhibition of autophagy may be an attractive strategy for enhancing the antitumor potential of matrine in gastric cancer.
Introduction
Gastric cancer is one of the most common types of cancer with approximately 989,600 new cases and 738,000 deaths worldwide in 2008 (1) . Its mortality remains high as most patients are diagnosed at an advanced stage when the tumor is irresectable or metastatic. Although chemotherapy has made progress in the remission of this disease, drug resistance in the course of treatment has become more common. Therefore, new cytotoxic agents, especially natural compounds, or novel therapeutic strategies still need to be explored.
Matrine, one of the main alkaloid components extracted from a traditional Chinese herb, Sophora flavescens Ait, with a molecular formula of C 15 H 24 N 2 O (Fig. 1A) , has been shown to possess various biological properties including antiinflammatory (2-4), antiviral (5, 6) , antifibrotic (7, 8) , analgesic (9) and antiarrhythmic (10, 11) . Recent evidence indicates that matrine plays an important role in the treatment of tumors, without obvious toxicity or side-effects. Matrine also attenuates cancer cachexia-related symptoms in colon-26 tumor-bearing mice (12) , and enhances patient immune functions and thus improves the quality of life (13) . Our previous studies showed that matrine exhibited potent anticancer effects in gastric cancer and hepatocellular carcinoma cells (14, 15) . The mechanisms underlying the antineoplastic activity of matrine may stem from cell cycle arrest, inhibition of cell proliferation and induction of apoptosis, perhaps through the modulation of apoptosis-and/or proliferation-related genes and proteins, such as proliferating cell nuclear antigen, c-myc, apoptosis protein-activating factor, Bcl-2 family members, caspases, and Fas/FasL (13, (16) (17) (18) (19) (20) (21) , indicating matrine-induced cell apoptosis can be triggered by the death receptor extrinsic pathway and/or the mitochondrial intrinsic pathway. Also, our previous research demonstrated that autophagy is involved in the antitumor effects of matrine on SGC-7901 human gastric cancer cells (14) . Autophagy is an intracellular lysosome-dependent catabolic process that is essential for maintaining cellular homeostasis through the turnover and elimination of defective or redundant proteins and damaged or aged organelles (22) . Evidence suggests that autophagy may be important in the regulation of cancer development and progression, which is a double-edged sword in oncology (23) (24) (25) (26) (27) . In addition, a large body of findings indicates that various anticancer therapies induce autophagy in different cancer cells (28, 29) . However, whether autophagy in response to therapies results in cell death or instead protects cancer cells from death is controversial. Under physiological conditions, autophagy is constitutively at low basal levels in every cell. A variety of environmental stresses, such as nutrient starvation, or anticancer drug treatment, can trigger dramatic enhancement of the level of autophagy acting as a cytoprotective response, resulting in adaptation and survival; however, autophagy may become a cell death mechanism if the amplitude of autophagy increases above a threshold level (30, 31) . In several cases, it is agreed that autophagic cell death, also defined as type II programmed cell death, is an important cell death process distinct from apoptosis (type I programmed cell death) (32, 33) . In our previous study, we found that both autophagy and apoptosis were activated during the matrine-induced death of SGC-7901 cells. Since the role of autophagy in anticancer treatment may depend on the nature of the cancer, the drug, or both (34) , it is necessary to elucidate whether matrine-induced autophagy itself is responsible for cell killing, or protects cancer cells against matrine treatment by blocking the apoptosis. In addition, the exact mechanism by which matrine induces autophagy remains unclear. There are a number of signaling pathways involved in the regulation of autophagy. The class I phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)/p70 ribosomal protein S6 kinase (p70S6K) signaling pathway has been studied extensively (35, 36) , and several anticancer compounds have been reported to induce autophagy through inhibiting the pathway (37) (38) (39) (40) (41) . Therefore, in order to make matrine therapy for gastric cancer more efficacious and less toxic, we further clarified whether the signaling pathway is involved in the induction of autophagy triggered by matrine.
Materials and methods
Reagents and antibodies. Reagents used included fetal bovine serum (Hyclone), dimethyl sulfoxide (DMSO) (Sigma, D2650), 3-methyladenine (3-MA) (Sigma, M9281), bafilomycin A1 (Sigma, B1793), rapamycin (Sigma, R8781), Z-Val-Ala-Asp fluoromethylketone (zVAD-fmk) (Sigma, C2105), matrine (Tianyuan Biologics Plant, Xi'an, China), Annexin V-FITC apoptosis detection kit (Invitrogen, V13242), PhosSTOP Phosphatase Inhibitor Cocktail (Roche, 04906845001), and SuperSignal West Pico Chemiluminescent Substrate (Pierce, NCI5080). Antibodies were obtained from the following sources: microtubule-associated protein 1 light chain 3 (LC3) (Abcam, ab51520), Akt (Cell Signaling Technology, 9272), phospho-Akt (Ser473) (Cell Signaling Technology, 4060), mTOR (Cell Signaling Technology, 2972), phospho-mTOR (Ser2448) (Cell Signaling Technology, 2971), p70S6K (Cell Signaling Technology, 9202), phospho-p70S6K (Thr389) (Cell Signaling Technology, 9205), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Hangzhou Goodhere Biotech Co., AB-P-R 001), horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (Zhongshan Goldenbridge Biotech Co., ZB-2301).
Cell culture and treatments. The human gastric cancer cell line SGC-7901 was obtained from the Cell Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U/ml of penicillin and 100 µg/ml of streptomycin at 37˚C in a 5% CO 2 incubator. The cells in mid-log phase were used in the experiments. Matrine (purity >99%) was dissolved in sterile double distilled water at a stock concentration of 40 mg/ml, and then diluted in RPMI-1640 medium to obtain the desired concentration. zVAD-fmk and bafilomycin A1 were dissolved in DMSO and control cells were similarly treated with DMSO to a maximum final concentration of 0.2%. This concentration of DMSO did not cause any adverse morphologic response. zVAD-fmk, rapamycin and bafilomycin A1 were added 1 h before matrine treatment. 3-MA was dissolved in heated sterile double distilled water to make a 100-mM stock solution and then added to the medium for a final concentration of 5 mM. After 3 h, matrine was added for treatment.
Western blot analysis. SGC-7901 cells were seeded into tissue culture flasks, allowed to attach 24 h and then exposed to matrine with or without specific inhibitors 3-MA, zVAD-fmk, rapamycin or bafilomycin A1. After the end of specified treatment periods, cells were lysed on ice with RIPA buffer for 20 min in the presence of PhosSTOP and then centrifuged at 12,000 rpm for 15 min at 4˚C. The supernatant was collected and stored in aliquots at -80˚C until analysis by western blotting. Fifty micrograms protein were loaded into each well and separated by electrophoresis through 8, 10 or 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and then transferred onto polyvinylidene difluoride membranes (Millipore) using Trans-Blot Semi-Dry Cell or Mini Trans-Blot Cell apparatus (Bio-Rad). After blocking with 5% non-fat dry milk or bovine serum albumin in 1X TBST (20 mM Tris-HCl, 150 mM NaCl and 0.05% Tween-20) for 1 h at room temperature, the membranes were incubated with primary antibodies overnight at 4˚C followed by incubation with HRP-conjugated goat anti-rabbit secondary antibodies for 1 h at room temperature. The specific protein bands were developed using SuperSignal West Pico Chemiluminescent Substrate and imaged using a VersaDoc imaging system (Bio-Rad).
Propidium iodide staining assay. Cells were trypsinized with 0.25% trypsin, collected and resuspended in 100 µl of precooled phosphate-buffered saline (PBS). After adding 1 µl of propidium iodide (PI) staining solution (100 µg/ml), cells were incubated for 20 min in the dark at room temperature, supplemented with 400 µl of binding buffer and analyzed using a flow cytometer (Beckman Coulter, USA).
Transmission electron microscopy. After 24 h of treatment, SGC-7901 cells were harvested by trypsinization, washed twice with PBS and fixed in 2.5% glutaraldehyde for 90 min at room temperature, and post-fixed in 1% osmium tetraoxide for 30 min. After washing with PBS, the cells were progressively dehydrated in ascending grades of ethanol solutions (50, 70, 95 and 100%), and embedded in Epon 812 resin. The blocks were cut into ultra-thin sections with a microtome, and were then stained with saturated uranyl acetate and lead citrate. The ultrastructure of the cells was then examined in a transmission electron microscope (JEM-1230, Jeol, Japan).
Annexin V-FITC/PI staining assay. Following drug treatment, floating cells were collected and combined with adherent cells that were detached from culture dishes by treating with trypsin. Total cells were then washed with cold PBS twice and resuspended in 1X Annexin V binding buffer at a concentration of 1x10 6 cells/ml. A single-cell suspension (100 µl) was stained with 5 µl Annexin V-FITC and 1 µl of PI for 15 min at room temperature in the dark. After the incubation period, 400 µl of 1X Annexin V binding buffer were added to each tube, followed by cytometric analysis (EPICS XL, Beckman Coulter). The extent of apoptosis was quantified as a percentage of Annexin V-positive cells, and all experiments were performed in triplicate.
Sulphorhodamine B colorimetric assay. To determine cell viability, the sulphorhodamine B (SRB) colorimetric assay, which estimates cell number indirectly by staining total cellular protein with the dye SRB, was used (42) . SGC-7901 cells were seeded in 96-well flat bottom microtiter plates at a density of 5x10 3 cells per well. Following treatment, the cells were fixed with 10% (w/v) trichloroacetic acid at 4˚C for 1 h, and then stained at room temperature for 20 min with 0.4% (w/v) SRB solution. The cells were subsequently washed with 1% acetic acid five times and dissolved in 150 µl of 10 mmol/l Tris base solution (pH 10.5). The absorbance value per well at 510 nM was read using an automatic multiwell spectrophotometer (PowerWave x, Bio-Tek Instruments Inc., USA). All SRB assays were repeated three times. Cell viability was calculated according to the formula: Cell viability (%) = A510 (sample)/ A510 (control) x 100.
Statistical analysis. All data are expressed as the means ± standard deviation (SD). Statistical analysis was performed using the SPSS 16.0, and p<0.05 was considered to indicate statistically significant differences. The data were analyzed by ANOVA followed by Bonferroni t-test for multiple comparisons.
Results

Matrine induces LC3-II accumulation.
We have reported that matrine induces autophagy in SGC-7901 cells which relies on the observation of cell ultrastructural changes by transmission electron microscopy and the visualization of monodansylcadaverine-labeled autophagic vacuoles by fluorescence microscopy. Here, we further examined the expression levels of LC3 which exists in cells in two forms, LC3-I and LC3-II. LC3-I residing in the cytoplasm is conjugated to phosphatidylethanolamine to form LC3-II, which is closely associated with autophagosome membranes and serves as a reliable marker to monitor autophagy. Western blot analysis of proteins from matrine-treated cells revealed the presence of two bands (Fig. 1B) . Weak bands corresponding to LC3-I were found in the untreated cells whereas LC3-II was undetectable. When the cells were treated with matrine at the concentration of 1.0 mg/ml, the expression levels of LC3-II significantly enhanced in a time-dependent manner. Furthermore, LC3-II was observed as early as 3 h posttreatment with matrine. Exposure of SGC-7901 cells to matrine also resulted in a concentration-dependent increase of LC3-II protein levels at each of the treatment points indicated (Fig. 1C) .
Effects of 3-MA and bafilomycin A1 on autophagy during matrine treatment. The increase in LC3-II expression could reflect either increased formation of autophagosomes due to increases in autophagic activity, or reduced turnover of autophagosomes (43) . To address the issue, we assessed the influence of matrine on LC3-II levels in the presence of bafilomycin A1 or 3-MA. Bafilomycin A1 is an inhibitor of the vacuolartype ATPase that alters the pH of acidic compartments, which blocks the fusion of autophagosomes with lysosomes, thus preventing the autophagic degradation including that of LC3-II (44). 3-MA can inhibit autophagy due to suppression of class III phosphatidylinositol 3-kinase which is essential for the initiation of the early stages of autophagy (45) . The addition of 3-MA was shown to decrease LC3-II levels in matrine-treated cells, while bafilomycin A1 had their LC3-II further accumulated during matrine treatment ( Fig. 1D and E) . The opposite effects of 3-MA and bafilomycin A1 on LC3 are due to the two inhibitors blocking autophagy at different stages; 3-MA inhibited autophagosome formation from the beginning, whereas bafilomycin A1 prevented degradation of LC3 in autophagolysosomes and in turn increased LC3 levels (46) . These findings demonstrated that the LC3-II accumulation induced by matrine was a consequence of increased autophagosome formation, indicating that matrine increased autophagic flux, rather than prevented autophagic degradation, in SGC-7901 cells.
Matrine induces cell death in a dose-dependent manner.
Cell death in response to matrine was quantified by PI staining and flow cytometry, and PI positive cells were counted as dead cells. SGC-7901 cells were treated with matrine at concentrations ranging from 0 to 2.0 mg/ml for 24 h. As shown in Fig. 2A , matrine killed gastric cancer cells in a dose-dependent manner. At the concentration of 2.0 mg/ml matrine, the cell death rate reached 35.67±4.82%.
Inhibition of autophagy enhances matrine-induced cyto toxicity.
The above results showed that exposure of gastric cancer cells to matrine resulted in the extent of autophagy increasing in a dose-and time-dependent manner, which is positively correlated with the cytotoxic effect of matrine; hence, we further investigated whether matrine-induced cell death was mediated by autophagy. Furthermore, our previous study demonstrated that both apoptosis and autophagy were activated during matrine treatment (14) , therefore it is necessary to further explore the interconnection between matrine-induced autophagy and apoptosis. To address these questions, we first determined whether inhibition of autophagy by 3-MA affects the cytotoxicity of matrine. The result showed that the cell death by flow cytometry in the gastric cells treated with matrine plus 3-MA sharply increased compared with matrine alone (Fig. 2B) . At the same time, we used another inhibitor of autophagy at a late stage, bafilomycin A1, to further establish the role of autophagy in cell death induced by matrine. As shown in Fig. 2C , although bafilomycin A1 treatment alone had little effect on SGC-7901 cells, this agent similarly enhanced the cytotoxicity of matrine. Also, the combination of matrine with 3-MA acted cooperatively to decrease the viability of SGC-7901 cells when compared with matrine alone, measured by SRB assay (Fig. 2D) . Markedly, when 3-MA inhibited matrine-induced autophagy, inspection of the cells co-treated with matrine and 3-MA using transmission electron microscopy revealed prototypical characteristics of apoptosis. As shown in Fig. 3 , control cells without matrine exposure exhibited normal ultrastructural morphology. The cells treated with 1 mg/ml matrine alone showed presence of abundant autophagic vacuoles sequestrating cytoplasm and organelles and absence of chromatin changes. By contrast, after incubation with matrine in the presence of 3-MA for 24 h, the number of autophagic vacuoles decreased in the cells and some of these cells underwent apoptosis, which is characterized by cell shrinkage, plasma membrane blebbing, and chromatin condensation with margination of chromatin to the nuclear membrane. Similar effects were further confirmed by Annexin V-FITC/PI double staining that addition of 3-MA augmented matrine-induced apoptosis of gastric cancer cells compared to matrine treatment alone (Fig. 3E) , indicating that matrine-induced autophagy may constitute a pro-survival compensatory mechanism, the inhibition of which drives more cells to die of apoptosis. Consistent with these observations, other studies also reported that matrine induced apoptosis in gastric cancer SGC-7901 cells (21) and MKN45 cells (20) via activation of crucial caspases such as caspase-3. Collectively, the results suggested that the cytotoxic effect of matrine on SGC-7901 cells is caused by apoptosis but not by autophagy which is a protective response by preventing cells from undergoing apoptosis, and autophagy inhibition could accelerate cell death induced by matrine.
Blockade of apoptosis reduces matrine-induced cell death.
To further explore if matrine-induced cell death is apoptotic, the cells were pretreated with a pan-caspase inhibitor zVAD-fmk for 1 h followed by exposure to matrine for 24 h. zVAD-fmk is a widely used inhibitor in characterizing apoptotic cell death as it binds irreversibly to the active site of activated caspases and inhibits caspase-mediated apoptosis (47) . As shown in Fig. 4A , matrine-induced cell death was markedly reversed by zVAD-fmk, which further demonstrated apoptosis was the major form of cell death induced by matrine and may be caspase-dependent.
Enhancement of autophagy decreases matrine-induced cell death.
It has been suggested that excessive autophagy ultimately induces a type of cell death called autophagic cell death (32, (48) (49) (50) . Therefore, we hypothesized that if the cell death induced by matrine is indeed mediated by autophagy, the cytotoxicity of matrine is significantly enhanced after co-treatment with matrine and rapamycin which is known to be a potent autophagy inducer. As shown in Fig. 4B , however, rapamycin did not cause an additional increase of cell death quantified by flow cytometry, but instead attenuated the cell death.
Matrine decreases total Akt level but increases Akt phosphorylation in gastric cancer cells.
The PI3K/Akt/mTOR/p70S6K signaling pathways are well-known pathways involved in the regulation of autophagy, and some anticancer agents are reported to block the pathways (37-41) . Therefore, we examined the effect of matrine on the pathways, using western blotting. Akt is a downstream target of PI3K, which is phosphorylated at Tyr308 by phosphoinositide-dependent kinase 1 and at Ser473 by the mTOR complex 2 (mTORC2), resulting in its full activation (51) . As shown in Fig. 5A , matrine-treated cells exhibited a dramatic increase in Akt phosphorylation at Ser473 in a dose-dependent manner. However, total Akt levels decreased in a dose-dependent manner after treatment with matrine at 3, 6 and 24 h, respectively, especially in the cells exposed to 2.0 mg/ml of matrine for 24 h. This was unexpected, as Akt activation is well known to suppress autophagy in mammalian cells. On the other hand, the increased Akt phosphorylation might, in part, limit clinical anticancer efficacy of matrine due to its suppression of apoptosis.
It has been reported that mTOR inhibitors such as rapamycin induce increased levels of phospho-Akt via negative feedback regulation of insulin receptor substrate-1 (52) . As expected, rapamycin increased levels of phospho-Akt; notably, co-treatment with matrine and rapamycin was able to augment this counterproductive increase (Fig. 5B) . The activation of Akt may be responsible for the finding that addition of rapamycin contributed to the decrease of the cell death induced by matrine (Fig. 4B) . Matrine induces a slight increase in phosphorylation of mTOR and p70S6K in gastric cancer cells. The serine/threonine kinase mTOR is a major downstream substrate of Akt and is at the core of two distinct multiprotein kinase complexes, mTOR complex 1 (mTORC1) and mTORC2. mTORC1 activation by the PI3K/Akt pathway results in phosphorylation and activation of p70S6K at Thr389 and mTORC2 has a role in activating Akt through Ser473 phosphorylation (53) . As shown in Fig. 6 , matrine slightly increased phosphorylation of mTOR at Ser2448 in gastric cancer cells at 6 h, which was accompanied by a slight decrease in total mTOR protein in a dose-dependent manner. We also observed matrine treatment for 6 h modestly increased p70S6K at Thr389 phosphorylation and without any effect on the total p70S6K level. These results were counterproductive, as activated mTOR is generally considered to be involved in the negative control of mammalian autophagy.
Discussion
Sophora flavescens Ait is listed in Chinese Pharmacopoeia and has been widely used in China for medicinal purposes. Our previous study showed that matrine purified from Sophora flavescens Ait has potent antitumor activity against gastric cancer cells, and is a strong inducer of autophagy as well as of apoptosis (14) . In the present study, we further demonstrated that the degree of autophagy in gastric cancer cells by detecting LC3 increased in a dose-and time-dependent manner after matrine treatment. From these results, we considered two possibilities: matrine-induced autophagy may be a mechanism of the antitumor effect of matrine, resulting in autophagic cell death, or a stress adaptation leading to survival of tumor cells during matrine treatment. Here, we employed several pharmacological inhibitors of the autophagic or apoptotic process to determine the significance of autophagy in antineoplastic properties of matrine. The data demonstrated that the presence of autophagic inhibitors such as 3-MA or bafilomycin A1 enhances lethality of matrine against gastric cancer cells. Notably, after pretreatment with 3-MA, some of the cells exposed to matrine displayed classic apoptotic morphology. Accordingly, 3-MA increased matrine-induced apoptosis evidenced by flow cytometry using Annexin V-FITC/PI staining, suggesting that matrineinduced autophagy protects cells from apoptosis and could be a target for enhancing its antitumor effects. Moreover, co-treatment with matrine plus 3-MA significantly enhanced the antiproliferative effect on SGC-7901 cells in comparison with matrine alone. In addition, administration of the pancaspase inhibitor zVAD-fmk decreased the cell death rate in matrine-treated cells, indicating that apoptosis is the major form of cell death induced by matrine, consistent with other studies that matrine induces apoptosis in gallbladder carcinoma (13) , retinoblastoma (54), multiple myeloma (55), osteosarcoma (56) , pancreatic cancer (16), hepatocellular carcinoma (57), and gastric cancer cells (20, 21) . Autophagy appears to function as a prosurvival mechanism perhaps through the degradation and recycling of the damaged cellular proteins and organelles caused by matrine treatment, which protects cancer cells from matrine-mediated apoptosis and causes resistance to matrine therapy. Therefore, inhibition of autophagy potentiates the apoptosis-inducing and anticancer activity of matrine, suggesting a strategy in the clinic to augment the antineoplastic efficacy of matrine by combining matrine with an autophagic inhibitor. Increasing evidence indicates that various anticancer therapies induce autophagy in different cancer cells. Furthermore, autophagic cell death can be activated in cancer cell lines in response to various agents used in cancer treatment, such as Rhabdastrellic acid-A (58), arsenic trioxide (59), silibinin (60), zoledronic acid (61), berberine (37), α-mangostin (62), dasatinib (38) , resveratrol (63) , fisetin (64), 5-fluorouracil (65) and triptolide (39) . However, despite these examples, we did not find that matrine-treated cell death is executed by autophagy; we found that cell death is accompanied by features of autophagy which acts primordially as a cytoprotective mechanism during matrine treatment, consistent with the notion that autophagy, in most cases, constitutes an attempt of dying cells to cope with lethal stress rather than a mechanism to execute cell demise (66) . A recent study clearly showed that autophagic cell death may be unlikely to exist as a phenomenon since a large collection of clinically used or experimental anticancer agents (~1400 compounds) did not contain a single compound that would trigger cell death through induction of autophagy (67) . In addition, there is a growing body of literature supporting the idea that autophagy is activated in tumor cells as a prosurvival mechanism against cytotoxic agents and may therefore favor chemoresistance. For instance, compound C (40), resveratrol (68) , quercetin (41) timosaponin A-III (69), and celecoxib (70) induce protective autophagy in various cancer cells, and acquired cisplatin resistance in human lung adenocarcinoma cells is associated with enhanced autophagy (71) . Therefore, the term 'autophagic cell death' is considered to be a misnomer in that it describes a reality in which cells die with autophagy but not by autophagy (66, 72) . Since the term 'autophagic cell death' is highly prone to misinterpretation, the Nomenclature Committee of Cell Death in 2012 suggested that the term should only be used in the rare occasions where definite proof can be provided that cell death is mediated by autophagy (73).
Although there is extensive knowledge on the mechanisms of induction of apoptosis by matrine (13, 16, (19) (20) (21) , very little is known about the specific mechanisms of matrine-induced autophagy. Diverse signaling pathways have been reported in the regulation of autophagy in mammalian cells in response to multiple forms of cellular stress including starvation, hypoxia, radiation or chemical insults (74) . Of these, the Akt/ mTOR pathway is considered a typical negative regulator for the initiation of autophagy (41) . Accumulating anticancer agents have been documented to trigger the cellular autophagic process by suppressing the pathway, such as berberine (37) , dasatinib (38) , triptolide (39) , compound C (40) and quercetin (41) . Therefore, we sought to determine the potential involvement of the Akt/mTOR pathway in the matrine-induced autophagic process. However, the results showed that matrine treatment did not inhibit the phosphorylation of Akt (Ser473) and its downstream effectors mTOR (Ser2448) as well as p70S6K (Thr389), although the levels of the total Akt and mTOR were decreased. Accordingly, it appeared that the Akt/mTOR pathway was not involved in the induction of autophagy in the matrine-treated SGC-7901 cells. Therefore, another main pathway might be involved in the autophagy induction process. For example, autophagy can also be activated by the Raf/mitogen-activated protein kinase kinase (MEK)/extra cellular signal-related kinase (ERK) pathway (30, 75) . It has been reported that autophagy induced by triptolide or curcumin is associated with the activation of the pathway (39, 76) . Also, arsenic-induced autophagy appears to require activation of the MEK/ERK pathway but not the Akt/mTOR pathways (77) . Hence, further investigations are required to gain insights into the potential involvement of other signaling pathways and the precise underlying mechanism of matrine-induced autophagy. In addition, matrine treatment increased the phosphorylation of Akt at Ser473 in a dose-dependent manner, which may contribute to the resistance of gastric cancer cells to matrine, thus attenuating their potential antitumor activity. In line with the unexpected result, treatment with arsenic trioxide or sorafenib also enhanced the levels of the phosphorylation of Akt in several types of cancer cells (77) (78) (79) . Despite inducing Akt phosphorylation, matrine significantly suppressed the proliferation of gastric cancer cells in our previous and present study (14) . It is possible that combinations of matrine with Akt inhibitor may provide a potential approach to augment the antitumor properties of matrine.
In conclusion, the present study suggests that matrineinduced autophagy in gastric cancer cells is an adaptive response that delays the eventual cell death, and blockade of autophagy could be a promising strategy to improve the ability of matrine to kill gastric cancer cells. In addition, the Akt/ mTOR/p70S6K signaling pathway might not be involved in the induction of autophagy in the matrine-treated SGC-7901 cells.
